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I. INTRODUCTION 

In an effort to explain the effects of mid-energy electrons (25 to 100 keV) ori 
the charge and discharge characteristics of spacecraft dielectric materials and 
expand the data base from which basic discharge models can be formulated, thin 
dielectric materials were exposed to low- Cl ta 25 keV), mid- (25 to 100 keV), 
combined low- and mid-, and spectral- (1 to 100 keV) energy electron environments. 
This effort has produced three Important results. First, it has determined electron 
environments that lead to dielectric discharges at potentials less negative than 
-5 kV. Second, this effort has identified two types of discharges that appear to 
dominate the kinds of discharges seen: those with peak currents, I » 10 A and pulse 
widths, t > 300 ns, and those with I < 5 A and t < 20 ns. Third, this effort has 
shown that, for the thin dielectric materials tested, the worst-case discharges 
observed in the various environments are similar. 

Previous laboratory experiments have focused on the effects of monenergetic low- 
energy electron charging and discharging of various spacecraft dielectric materials 
(Ref. 1). These experiments showed that* for samples with electrically-grounded 
substrates, discharges occurred only when surface potentials exceeded -5 kV. The 
discharges blew off more than 30% of the stored charge (Ref. 2) and the pulse widths 
of the discharge currents scaled in size as the square root of the sample area 
(Ref. 3). The discharges brought the sample's surface potential down generally less 
negative than -5 kV. For samples comparable in area and thickness to the samples 
that we tested,, the pulse amplitudes were much greater than 10 A and the pulse widths 
equaled or exceeded 300 ns. These laboratory data are in apparent disagreement with 
satellite data that indicate for satellites In geosynchronous altitude environments, 
discharges occur when surface potentials are less than -2 kV (Refs. 4 and 5). 
Furthermore, data from ATS5 and ATS6 indicate that discharges occur in bunches and 
that as many as 80 discharge events have occurred in a single hour (Ref. 6). This 
latter observation implies that discharges on satellites may not cleanse the entire 
surface of stored charge and perhaps occur as small localized events. 

This paper discusses the results of our monenergetic, dual -energy and spectrum- 
energy electron tests performed on seven dielectric samples: Teflon, Optical Solar 

Reflector (OSR), Alphaquartz, Kapton, perforated Kapton, Mylar, and a "nude" Space 
Transportation System (STS) tile. Section 2 describes the experimental apparatus and 
electron simulation environment. Section 3 discusses the general trends found In the 
data, comparing the samples with each other with emphasis on the four electron 
environments: monoenergetlc low-, monoenergetlc mid-, dual-, and spectrum-energy 

electrons. Finally, In Section 4 we present conclusions. 

*Work sponsored by the Air Force Weapons Laboratory and NASA Lewis Research Center 
under Contract No. F29601-82-C-0015. 
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2. EXPERIMENTAL APPARATUS AMU ELECTRON-SIMULATION ENVIRONMENT 

The experiments were performed In a 1.3-m long, 1.3-m diameter vacuum chamber, 
shown in Figure 1. Thlrty-cm diameter test samples were positioned 20 cm off the 
door at one end of the chamber, and two Kimball Physics monoenergetl c-electron guns 
pointed toward the samples. Pressures in the test chamber during experimental tests 
measured In the mid. 10"' torr regime. The energy of one of the two guns-ranged from 
1 to 100 keV, whereas the range of the other gun went from 1 to 25 keV. The maximum 
current output of the two guns measured 400 uA. For sample exposure tests the beam 
current density measured in the plane of- the test Sample was generally held between 
0.03 and 3 nA/cnr. For monoenergetlc exposure tests the beam of each gun was 
rastered over the entire sample end of the chamber using pairs of the Helmholtz coils 
driven with alternating currents at frequencies of 60 Hz horizontal and 103 Hz 
vertical . The rastered beams produced a time-averaged flux across the sample, 
uniform to within +15% for electrons from the low-energy gun and to within +7% for 
electrons from the mid-energy gun. 


2.1 SPECTRAL SOURCE 

Our electron spectral source used the two Kimball Physics electron guns and two 
high-voltage biased disc-shaped scattering foils. Each scattering foil consisted of 
several thicknesses of aluminum sheets, ranging in size from 0.04 mils to 2.0 mils 
thick, and configured as wedges to a pie. Monoenergetic electrons incident on a thin 
foil lose energy and intensity as they scatter through the foil, depending on the 
relative thickness of each aluminum scatterer. The average scattered electron energy 
<E S > approximately equals the average energy lost, dE/dX| E , times a foil thickness, 
AX, and subtracted from the incident electron energy E 0 , 0 

<E $ > - E q - dE/dx l E • AX . (1) 

0 

The average scattered electron energy has nearly a linear dependence on foil 
thickness and a weak functional dependence on average energy lost [i.e., dE/dX 
depends weakly on E 0 (Ref. 7)]. The electron transmission intensity has a power 
series dependence on the foil thickness or incident electron energy. The thinner the 
foil or the higher the incident electron energy, then the greater the transmitted 
electron Intensity. 

By adding a high-voltage bias, V, to the scattering foil, one then has for the 
average scattered electron energy 

<E > = (E ♦ V) - (dE/dXU tV ) .4 X - V (2) 

o 

or 

<E s > * E o * (*/<•* l E +y) • « • (3) 

0 

Any electrons Incident on the scattering foil pick up an energy, V, when they hit the 
foil . With a total energy of E 0 ♦ V they scatter through the foil . They give up the 
added potential energy V (the last term In Eq. 2) when they pass close to any 
grounded surface, e.g., a test sample. Compared with the unbiased foil, the 
electron energy Changes by a small amount since it depends weakly on 
dE/dX | e q+ v * whereas the scattered electron intensity becomes greatly enhanced. 


This high-voltage bias technique makes an Impact when one tries to produce 1- to 
10-keV scattered electrons using an incident 16*keV electron beam and when trying to 
produce 12- to 30-keV scattered electrons using an incident 85-keV electron beam. 
Without high-voltage bias, it becomes next to impossible to produce a flux of 
scattered t- to S-keV electrons with an incident electron beam of 10 keV or above 
due to the attenuation of the Incident beam in the foil. We enhanced the flux by an 
order of magnitude when exposing a 0.22-ml-l foil with 16-keV electrons (comparing 
results with and without a 15-kV-foil bias! . 

Figure 2 shows a graph of Spectrum 1, dN/dE « const., that was produced using the 
high-voltage biased foil technique. The multiple curves at the bottom of the graph 
are the scattered electron spectra produced from each given foil thickness and 
area. There were 16-keV electrons incident on the 0.22-mil. 0. 16-mil, 0.12-mil, and 
0.06-mil foils (all with a +15-kV bias). The foils formed wedges of a pie through 
which the beam scattered. The guns generated 30 uA of 16-keV electrons and 40 uA of 
85-keV electrons, and the foils scattered the electrons to a spectrum energy of 1 to 
85 keV and a current of 3 uA. The resultant spectrum was measured using an 
electromagnetic electron spectrometer and is Indicated by a dashed Jine ou the 
graph. We generated Spectrum 2, dN/dE « E"*,_and Spectrum 3, dN/dE « E“ 2 , using this 
technique with different foil combinations. 

Source electron diagnostics consisted of an electromagnetic spectrometer and an 
array of Faraday cups . The Faraday cups measured 4 cm deep and had an entrance 
aperture measuring 1.2 cm 2 . The Faraday Cups were positioned at eight points around 
the sample. If viewed from the gun end of the chamber the cups were located at 
12 o'clock, 3 o'clock, 6 o'clock, and 9 o'clock. At each of the four dialed 
positions. One cup rested close to the sample and another near the edge of the back 
blowoff plate (see cross-sectional view in Fig. 1). The spectrometer was used to 
measure the electron energy distribution during spectral tests. Sample charge 
diagnostics Included an electrostatic voltmeter (ESV; details of which may be found 
in Ref — 2). Discharge diagnostics consisted of a back blowoff plate, situated 
between the samples and the chamber door, a blowoff liner spanning the distance 
between the samples and the electron guns, and a substrate disc clamped to the 
dielectric samples. Figure 1 shows a side view of the diagnostics and Figure 3 shows 
a conceptual view. The blowoff liner, back plate, and substrate were electrically 
connected to ground using numerous resistors connected in parallel to form a low- 
inductance l-a path to ground (twenty 20-8 resistors for the blowoff liner, eighty- 
two 82-0 resistors for the back blowoff plate and twelve 12-0 resistors for the 
substrate). Electrons that blew off the sample produced negative current signals on 
the two blowoff diagnostics and produced a positive signal on the substrate. 

The Signals produced on the substrate and liners during a discharge event were 
monitored using Tektronix 7903 oscilloscopes with 7A19, 50-8 Impedance plug-ins. - 
Data channels were time-tied. All the scopes were triggered simultaneously using a 
pulse sent from a fiducial generator and fan-out box. The fiducial generator was 
triggered only when discharge currents, as measured on the substrate, were greater 
than a preset value (generally selected between 0 .02 and 0.5 A). A sample of a time- 
tied discharge event is shown in Figure 4. All graphs presented in this paper key on 
the substrate current trace. 


3. GENERAL TRENDS IN THE DATA 


This section discusses the charge and discharge properties that the dielectric 
samples as a unit exhibited in the four types of electron tests - monoenergetic low. 




•V- . ***- 


mcnoenergetlc raid, dual, and spectrum. It compares the results obtained in each test 
I JT?- of sam T p J e surfa<:e Potential, discharge amplitude, and time rate of change of 
The samples consisted- of 5 sheet dielectric samples - Teflon (5 mil); 
OSR (8 rail) , Kapton (2 mil), perforated Kapton (5 mil), and Mylar (2 rail)* and 

tn C l eCt Th’ C ac« mp eS , " Alp 5 aquart;L and a " nud e" STS (Space Transportation 
Systems) tile. The OSR sample was formed from an array of 20 cells and constituted a 

d f h ec i r1 c sample and. the perforated Kapton sample had a repeating hole 
pattern In the form of squares spaced, every 0.9 cm. The "nude- STS tile had no 

ttSUSi a l d . STnc ® ® lectf ons of energy 100 keV or less cannot penetrate the 

thermal paint that exists on actual shuttle tile, the results should not be 
extrapolated to anticipated space shuttle environments^ 


3.1 LOM-ENERGY ELECTRON TEST- RESULTS 

«o«J ev ?^ al * ir,teres J? ng Pesults were noted when exposing the seven samples to low- 

F,rs V no ? of the sam P les discharged when exposed to electrons of 
energy 8 keV or less. Second, the nonporous samples exhibited two distinct types of 

1 dl ^ char 9 es wi ^h I < 5 A and t fwhm < 20 ns accompanied ? by no 

change in the sample surface potential, and (2) large <$?scharges with I » 10 A and 

T FWHM * accompanied by a change in the samples's surface potential eoual to or 

?! • Third - ‘"« P«rous samples' eJh?bfUd Sly Sail 

surfSc^ 9eS nnL.»i.i. a "^ , E UH, 1 50 J“ - , F ? u ,'' thl the Porous samples discharged *1th 
surface potentials at or .ess than -1.1 kV and the nonporous samples had to reach 

surface potentials exceeding -5.5 kV prior to discharge. Finally all sanmles 

ke^eTectronf SC ^Ihi% e ? Ua1 t0 ^ he<r "wst-case discharge current when exposed to P 25- 
!mm T able 1 summari zes the worst-case discharge characteristics of the 

wfth le ^e..id- EXC # Pt A f0 f the ? aptor) sa . mple the worst-case discharge amplitudes 
r ® sul Ts found in previous studies. The Kapton sample produced its few 
Whe i* ex P®sed to 25-keV electrons at 16 nA/cm*; otherwise, exposed to 
aii e 2*ha r ° n F \ UX oF 2 the Kapton sample produced small discharges I < 5 A. 

St fCls oTl nA/cm^^ P [ess U ? e worst " case dischar 9es when exposed to electrons 

th^n A th2 0t „ e «« in _ the 4 , tabl i/ e * i the perforated Kapton sample produced a larger discharge 
*J a " T P r f °: ated Kapton sample * ^is result should be alarming; especially 
tho Ce n < I2^»J^ rE< *^« te t Kapton sam Pie was developed to ward off discharges better than 
afLha P f i? rate ? * ap * on sam P le * Moreover, Mulenberg and Robinson noted this 
findings!) CharaCtenStlC several years ago (Ref - 8 >* (These data reaffirm their 

..The Kapton samples displayed a general lack of ability to discharge. Published 

K Jf t0 I! testi r ng 1rt the laboratory misleads one into believing 
i amp j» es d j scharge [Verdin 1980 (Ref. 9), Balmain 1980 (Ref. 10), 
Balmain 1979 (Ref. 3), Adamo 1980 (Ref. 11)]. Every article speaks of larqe 

?I!S ha r?f s ob ?® rved ort Kapton samples and only one article [Treadaway, et al., 1977 

any d l f Ticulty in making a sample discharge. Balmain (Ref. 12) 

liter^urp m i ep r se ; tatl0n °/ tPe discharging ability of Kapton found in the 
literature. Balmain has acquired several samples of Kapton that refuse to 

steven J ( Raf * 131 has also come across numerous Kapton samples that will 
(Ref mi f j n a recent experiment performed by Leung and Plamp 
alone i , to ^ ake the,r sample discharge by electron exposure 

3 0r, k*a L tu” 9 e u lis ^ ted the help of Steven s who in turn suggested that a hole be 
punched through the sample to help it to produce discharges (Ref. 15). The 
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experience of these researchers shows that there exist batches of Kapton that would 
make excellent spacecraft Insulators because of their ability to ward off discharges. 

3.2 MID-ENERGY ELECTRON TEST RESULTS 

The general response of the samples was fairly insensitive to the energy of 
electrons, provided the electrons did not penetrate entirely through the sample 
(electrons greater than 80 kev could penetrate the 2-mll Kapton and 2-mll Mylar 
samples). Figures 5, 6, 7, and 8 summarize the discharge amplitude (two figures), I, 
rate of rise of the pulse, dl/dt, and surface potential prior to discharge, V^, all 
as-a function of Incident-electron energy. 

Pulse amplitudes on the OSR, Mylar, Alphaquartz, and STS tile show no dependence 
on incident-electron energy. Despite the fact that 100-keV electrons (50 keV for 
Mylar) bury themselves much deeper than 16-keV electrons, the samples produced a 
similar discharge at both extremes in energy. Even though the perforated Kapton and 
Teflon samples show a marked decrease in discharge amplitude at 80 keV and 100 keV, 
they too show little effect on pulse amplitude or shape from 15 keV to 75 keV despite 
the fact that for Kapton the practical .range of 25-keV, electrons is 8 x 10" 4 cm and 
for 75-keV electrons it is 5.4 x 10” 3 cm (6 x 10" 4 cm and 4.4 x 10“ 3 cm for 
Teflon) (Ref. 7). 

Figure 7 shows that the rate of rise of the pulse, dl/dt. Is certainly 
Independent of energy, and appears to be independent of sample. All samples except 
the Alphaquartz sample had dl/dt - 5 x 10 8 A/s, The Alphaquartz sample had dl/dt « 5 
x 10 6 A/s. Large discharges and small discharges had similar dl/dt. Furthermore, 
visual Observations made of the discharges on Teflon indicate that a bright flash 
from a localized spot can be associated with both types of discharges (where large 
discharges have a dimmer and very broad flash that covers the entire sample together 
with the bright localized arc). These observations may indicate that (1) a similar 
discharge process initiates both small and large discharges, and (2) the discharge 
process may be the same sample by sample. 

Figure 8 shows the sample surface potential prior to discharge. Note that the 
predischarge Surface potential remains the same or slightly increases for Increasing 
electron energy. One would think that if the bulk electric field determines the 
potential at breakdown, then the closer the charge Is buried to a grounded substrate, 
the lower the potential required to equal a given field and hence Initiate a 
discharge. The data disagree with this simple model . Despite the difference between 
the practical range of 16-keV electrons (2.4 x 10" 4 cm) and 100-keV electrons (6.4 
x 10* 3 cm) on the 2.16 x 10“ z cm thick OSR sample, the potential at discharge went 
from -6.5 kV for 16-keV exposure to -12 kV at 100-keV exposure (instead of something 
less negative than -6.5 kV) . As a further note, the sheet dielectric materials of 
Mylar, Teflon, and Kapton had breakdown potentials close to 10 6 V/ cm breakdown 
threshold electric field times the sample's thickness. The perforated Kapton and OSR 
sample produced discharges at potentials approximately one quarter of the bulk field 
threshold times sample thickness. Finally, the porous samples displayed discharges 
at very low potentials compared to their thickness and any supposed net threshold 
field. 

3.3 COMBINED LON- AND MID-ENERGY ELECTRON TEST RESULTS 

Figures 6, 7, and 8 also sumnarlze data obtained from combined energy electron 
exposure tests (see left-hand portions of the graphs). 


515 


The pulse amplitudes observed in the combined energy tests are smaller than the 
pulses found" inmonoenergetl* tests . In //ct. the small £ 

observed in the monoenergetlc tests, appear identical to most discharges seen 
combined energy tests. Thes e discharges have I < 5 A. .and t^hm < 20- ns. 


*?S* ^Teflon , perforated J «S 

&&xss&sis.'v! i&i'Sffls 

^Tro's r^ S 7 « 

not reoulre any potential structuring in order to produce discharges* The Kapton 
Alphaquartz samples did not discharge in a combined-energy electron environment 
their surface potential was kept less negative than -5 kv. 


A simple qualitative model can explain the reduced P^j ^fschV^ potenti III 

experlBentally that the surface potential of a dleUctnc sample can bevgiei^er* 
sh^ftha’t thV'^urVacrpVte’nt’ul Ts a ^trong functioo of the secondary electron-- 

-d the fhUjTtSjM’a soje 

sssr. 

electric 6 field ^^Vxceede^at »cil M £ 

from the substrate to the charge layer. 


When low-energy electrons are combined with the mid-energy el ectrons the 
traiectories of the mid-energy electrons will not be affected significantly so they 

&A. 2 SJ? 

tho <ocond crossover for secondary electron emission from the surface. Thereat ter, 
the low-energy electrons will emit more than one electron per incident JJ. 

z ass#, -jlw »r » «. 

^?r s :“^h? c 44"« an pot a e„u 

fields. A discharge could occur if either of the two fields exceeds the threshold 
field at some critical point. 


3.4 SPECTRAL-ENERGY TEST RESULTS 


Figures 6, 7, and 8 also summarize spectral test dl scharge characteristic of the 

four samples tested (Teflon, OSR, Alphaquartz, and Ka Pt°" ) v th A s p Viaures th 9ht " 
hand side of the graph. Several important trends are noted in the figures. 
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sstfsu rasas 

monoenerget'^test^sul ts S »« e tov? asnrfudnd a " d ?ff e 1 cl0se “'»«'* of the 

352. JVTS3S2L rlr 

sK'-js ifcis rit 5 "<‘ 9 <'ioo F ra^ t ;. e ^ 

Teflon sample ._ Note TOt most dis'charles L 9 45?™° *“T' ze these data for the 
there are only a few dischar^' bUt «“* 

(Ref’.V) 5 may S °be ' aw?1ed "here^t Hrd^'tn ^iTj " ' L dfSCharge area baling laws 
Balmain found three laws: 1 « A 1 /^ r 7 A l7l, n ? e I/ area ofc a d ' sc , har 9 e site, 

the area of the sample and In this case^n™««n** a »h. I/TF>W1 / const- (where A was 
Assuming that the wise duration i. **J2TSJ n ? ?? area of the d,schar 9e site), 
across the sample , 1 " A . °"< t fo *7™ v & Jrr^l propagation time of an arc 
velocity. Balmain found V -3 x 10^ cm/? Balmi V? »!» the discharge propagation 
X 10* Vs. from the dashed line in ?igu‘re W yalues^or 7/ ?I“ for i A *»* 2 - 8 

ST Thus ‘a Vmh “V* ,™ S yie,ds - «?ri?e propagaHon spe^" o? iTx & 
OJ ^ . X’ rarew^bs^ed ffi * , Tli S*** * W* site ?rea'“f 

up to one half the sample's area and C Fh1 9e i W0U d .!' aV 5 ^ st -harge areas covering 
~ 300 ns, appear to cover n *nearly *enti re furf.VeTre.?^ 9 * P “ 1SeS * “ U * 

on the TeH on^^mpT e ! ' however™ \ t^keot alT : 3 t f StS ’ p k roduce ' 1 discharges only 
than -5 KV. Thus, the efftci of T *. *!1 . Sa,<> , les frm c , har 9 f "9 "ore negatively 
determining the sample's potential. dary electron emi) 5sion is important in 

characteristics^ that' ^they exhlbftedTn th ® char 9e and discharge 

charge t and S dfscharg? 1 contro? n mater?al > s! 9,,a ^ rtZ ' ^P^^^l^^Pte'excellent^spaceCraft 


4 . CONCLUSIONS 

electron beams 'sholi^^be Sufficient to^bound ^*® lect !r^ s » monoenergetic 25-keV 

discharges anticipated in both enhanced and d nJ5.!r.Ai l " pl1tUde an ^ pulse w1dth of 
significant over or understress. enha ted and natura l space environments without 

discharges while m^intaJning^^ potentials env /£ onments ca . n generate sample 

enough secondary emission to keen thu ^ ow " e !J er 9y electrons can cause 

electrons deposit en$T 
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Surt4Ce polmJa ’ s te measu '' ed « the time of discharge. 

,5; . Two distinct types of discharges are noted; small discharges with small 

amplitude and -poise width- (I < S A and-T < 20 hs), and large discharges with large 
pulse widths (I » 10 A and t > 300. ns) . _ The ’large d[|cha%« have been Jell- 
characterized In previous studies.- These discharges are accompanied with large 
f! ! ? ?? eS i i lf V $Jrfac . e potential and act to cleanse the sample of stored charge. The 
*ElL d lt char9ei \ h . ave go r e relat1ve ly unmentioned la previous work and appear to not 

less^than^o Af» S «mtii e f 4 ? 0t h nt ^ a ^ n ° r ? 1ease mch of the stored charge (much 

less than 0.*%) . The small discharges may give way to the large discharges when the 

negatfve^kvT™ 1 ronmenta1 cond ^tions are met (namely surface potentials exceeding 

thln d ] electr ic samples that were tested, the Alphaquartz and 
?h2 P t^il t d K !P ton , sam . ples a PP ear to be best suited to ward off large discharges. 

Mest than n T°n^ U / C r e m^° nly fl sm ?] 1 . narr0W .. discharges when exposed to realistic fluxes 
(less, than 0.3 nA/cm z ) . a well documented data-base found in the literature supports 

H?r^hf bSel:Vat1( ¥L that A . 1 f hquartz does n °t produce any charge-cleansing large 
discharges. The open literature, however, reports that Kapton produces large 
discharges. Under reexamination, though, many researchers confirm that it is 
sometimes impossible to produce large discharges on selected Kapton samples. 
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Table 1. Characteristics of worst-case discharges 




GSR 

184 

Teflon 

#863 

Perforated 

Kapton 

#638 

Kapton 

#136 

tylor 

#139 

Al phaquartz 
#904 

STS tile 
#988 

V,(k¥) 

Potential prior to 
discharge 

10.5 

20 

6.1 

15 

13.7 

5.2 

0 

V f (kV) 

Potential following 
discharge 

2 

3.3 

0.9 

— 

1.4 

5.2 

0 

<4V> (kV) 

(V|-V f ) overage change 
in surface potential 

8.5 

16.7 

5.2 

- 

12.3 

0 

— 


Peak discharge current 

70 

303 

100 

12.5 

425 

0.3 

0.35 


Full -width at half-max. 
of !§(jg vs. time 

300 

280 

200 

800 

700 

100 

20 

<%«/« (A/S) 

Peak change In current 
measured with respect 
to time 

3.5 x 10 8 

1 x 10 9 

1 x 10^ 

5 x 10° 

1.2 x 10 9 

5 x 10® 

4 x 10® 
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Figure 1. Diagram of the test configuration 



Figure 2. Energetic electron spectrum from l to 
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Figure 3. Diagram of charge motion and discharge diagnostics 
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Figure 4. Time-tied discharge event on Kylar in combined-energy environment 
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Figure 5* Worst -case discharges observed in the four testing environments 
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Compilation of all data: peak discharge currents vs. electron energy 
(same symbol legend as Figure 5) 
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